Investigations of the coal-gas system-in particular, those concerning the amount of the gas adsorbed and the kinetics of its release-are extremely important in the analysis of hazards associated with the presence of methane and outbursts of gas and rocks. Such an investigation is also useful for analyzing the adsorbent parameters. Adsorption analyzers that are available on the market fall into two types: gravimetric and volumetric. Gravimetric analyzers are very complex, stationary devices. Their biggest drawback is the problem pertaining to a sudden pressure change, which initiates the processes of gas adsorption and transportation. This is associated with a higher degree of measurement uncertainty with regard to the determination of the diffusion coefficient. By contrast, volumetric analyzers are usually far cheaper and are capable of processing sudden pressure changes. However, in this case, the measurement is seldom isobaric in nature, which makes it difficult to use for determination of the diffusion coefficient on the basis of the unipore model. The author of this paper intends to show a simple device based on a gas flowmeter, which makes use of a phenomenon known as 'barbotage'. The cost of constructing such a device is several dozen times cheaper than the cost of gravimetric and volumetric analyzers available on the market. A sudden pressure change is allowed, and the release of methane is measured under quasi-isobaric conditions. The paper discusses the concept of the device and provides an analysis of the results that it generated. These results were juxtaposed with those obtained using a gravimetric reference device.
INTRODUCTION
Research into the coal-gas system, carried out under both laboratory and underground conditions, usually concerns the analysis of steady states or dynamic processes associated with the presence and transportation of gas in pores. The first group includes the methods for determining the values of adsorption capacities under various conditions, including the total adsorption capacity under the coal seam gas pressure, the adsorption capacity under the gas pressure of 1 bar and the desorbable content of methane in coal (Wierzbicki 2013a). It is advisable to interpret these parameters in relation to the methane-bearing capacity, as this makes it easier to estimate the susceptibility of a given coal seam to gaso-geodynamic phenomena (Skoczylas 2014). To establish these parameters, one should wait until the adsorption processes reaches the asymptotic value.
The second group comprises the parameters describing gas transportation. In this case, it is necessary to carry out a long-term analysis of the gas transportation through the porous structure during the process (Wierzbicki 2013b). The basic parameter describing the kinetics of methane release from a coal sample is the diffusion coefficient.
To address the needs of the hard coal mining industry, which faces hazards related to the presence of CH 4 or CO 2 in coal seams, researchers have developed some methods for fast determination of parameters whose value depends both on the value of adsorption capacity and the parameters of the kinetics of methane release (Skoczylas and Wierzbicki 2014) . An example of such a parameter is the desorption intensity index, which is determined in the Polish mining industry. However, it still needs to be stressed that the analysis of the value of this particular parameter does not allow us to state clearly whether the measured value results from the high content of gas, or from the high value of the diffusion coefficient.
The author recognizes the considerable potential of the measurement methods, which makes it possible to carry out long-term analyses of methane release from coal and provide information about both the content of gas in coal and the rate of its discharge. This paper includes the description of an original measuring device using which it is possible to observe the release of methane from coal for many hours. One of the most important assets of this device is the fact that the cost of constructing it is low. Thus, it may prove to be an interesting alternative to the instruments available on the market.
THE PHYSICS OF METHANE RELEASE FROM COAL
The release of gas from coal is caused by a reduction in the pressure (and, indirectly, in the concentration) of the surrounding gas. Under in situ conditions, such a situation is linked to the mining activity. When headings are drilled or a longwall is exploited, the initial pore pressure in the rock mass decreases due to the cracking of the body of coal. When gas parameters are investigated in a laboratory, desorption is induced by lowering the pressure of gas that surrounds granular coal samples. Observation of this process makes it possible to establish the value of the desorbable adsorption capacity and determine the effective diffusion coefficient (i.e. taking into account the adsorption isotherm coefficient). From the perspective of the prevention of methane outburst and fire hazards, it is essential to have in-depth information regarding all these parameters.
Traditionally, the physicochemical processes that result is the release of gas from a coal sample-often referred to as 'desorption'-are discussed in relation to the following three phenomena: the desorption proper of gas from the coal's pore surface, the diffusion of gas within grains and the filtration of methane through the system of fissures (Harpalani and Chen 1997; Pillalamarry et al. 2011) .
The desorption proper is an instantaneous process (Gawor and Skoczylas 2014; Kawęcka 1988) . The transportation of gas particles within grains can be described as a combination of several types of diffusion in a diversified porous system of the adsorbent (Busch et al. 2004; Crosdale et al. 1998; Harpalani and Schraufnagel 1990; King and Ertekin 1989) . The diffusion is propelled by the concentration gradient of the particles of the deposited gas. In between the grains, in a complex system of fissures and cracks, the filtration of gas propelled by the pore pressure gradient takes place. When compared with diffusion, filtration also appears to be a very fast process. Based on these facts, it can be stated that temporal observation of methane release from granular coal samples is, in fact, observation of the diffusion processes.
Because of the very complex porous structure of coal, the diffusion of methane inside it is a combination of numerous types of diffusion processes (Clarkson and Bustin 1999) . The factor that determines the diffusion type is the mutual relationship between the mean free path of methane molecules and the diameter of pores ( Figure 1 ).
The diffusion of methane in coal occurs according to Fick's second law, which-for the unipore model-can be described by the following formula (Dongyong et al. 2010) :
(1) This equation assumes the presence of an adsorption-related factor, linear in relation to pressure (Henry's isotherm; Wierzbicki 2011). The solution of equation (1) in the form of a series [equation (2)] was provided by Crank (1975) and Timofiejew (1967) ( 2) where D e (cm 2 /s) is the effective diffusion coefficient; M( ), in gram, is the total mass of coal deposited in grains; m(t), also in gram, is the mass of gas deposited in a particular moment t; R (cm) is a substitute grain radius for a sample belonging to the investigated grain fraction, determined using the relationship where d 1 and d 2 are the size limits of the grains belonging to the investigated grain fraction.
The analysis of equation (2), which determines the time dependence of methane accumulation/release from a coal sample, leads to the conclusion that for a fixed coal grain fraction, the time dependence of the course of the process is determined by two parameters, namely, the asymptotic (original) content of methane in coal M( ) and the effective diffusion coefficient D e (Figure 2 ), whose nature resembles the time constant of an exponential function (Wierzbicki 2013).
THE CONCEPT OF THE MEASURING DEVICE
Metrological instruments for analyzing methane release from coal can be divided into the following three categories:
Gravimetric Volumetric and Instruments that are based on a gas flowmeter.
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Knudsen diffusion Surface (Volmer) diffusion Solid diffusion Figure 1 . Particular types of diffusion in the pore system of coal: the vital role of the relationship between the mean free path and the diameter of pores.
A typical example of a gravimetric device is an adsorption scale. This instrument makes it possible to determine the amount of methane released from coal by measuring the changes in coal mass directly (Charrière et al. 2010; Kudasik et al. 2010) . As such, this type of measurement is the most direct one. Some of the advantages of this device are the high accuracy of the measurement and the measurement's configurability. The drawbacks of this solution are as follows: the necessity to compensate the impact of buoyancy and the limited speed of pressure changes, as well as the high cost of the device, often exceeding US $1,00,000.
Volumetric instruments are slightly less expensive. The measurement is indirect: based on the measuring chamber capacities, the amount of the accumulated/released methane is balanced, due to the analysis of the changes in the pressure of gas in particular chambers (Busch et al. 2006) . The biggest asset of such instruments is their price, which is relatively low, and the high speed of pressure changes. A significant drawback, however, is the non-isobaric nature of the measurement process, which is extremely important in the context of determining the value of the diffusion coefficient.
Instruments that make use of a gas flowmeter can combine the advantages of gravimetric (the isobaric nature of the measurement process) and volumetric devices (the low cost of purchase/construction). Still, it is necessary to use a gas flowmeter that has a really wide measuring range (Topolnicki et al. 2009) , which is necessary to analyze the kinetics of methane release from coal. During the initial stage, the release is a violent process ( Figure 2) ; however, its speed is quickly reduced to the values that are recorded most of the time during the observation.
The author proposes that an original instrument, based on his own idea, is used as a flowmeter. The operating principle of the instrument being discussed is counting the bubbles of gas released from a measuring nozzle immersed in a liquid. Figure 3 presents a functional diagram of a flowmeter. The flowmeter is composed of vessel 1, transparent for optoelectronic elements 5, 6. Vessel 1 is linked to measuring nozzle 2, to which gas from coal 9 through valve 10 and terminal 7 is transported. The nozzle is immersed in liquid 3.
The outlet of flowmeter 8 should be open in relation to the atmospheric pressure. A direct result of the measurement of gas release is the frequency with which gas bubbles 4 get separated from the measurement nozzle, registered by optoelectronic elements consisting of source of light 5 (of any wave length) and receiver 6. Figure 2 . Accumulation/release of methane from coal: description of the kinetics of the phenomenon.
A prototype flowmeter, based on the functional diagram presented in Figure 3 , was constructed. Figure 4 shows transparent three-dimensional visualizations that demonstrate the most important elements of the flowmeter.
It was decided that the container for the liquid and the measurement nozzle would be constructed with the elements available on the market: a glass test tube and a long hypodermic needle ( Figure 5 ). Inserting the nozzle into the container from the top eliminates the problem of sealing the nozzle in relation to the container: the liquid cannot leak out when the instrument is positioned vertically. Hypodermic needles are long enough, and a tight terminal solves the problem of linking them to the instrument. The needles are made of high-quality surgical stainless steel, which can be properly formed and guarantees that the needles, immersed in a liquid, will still work for a long time.
The basis of the prototype ( Figure 5 ) is a monolithic casing made of Ertacetal H. In the casing, a vertical opening for a glass container with a liquid was made; besides, two horizontal openings, perpendicular in relation to each other, for a source of light and a photoelement were also made. To the upper part of the casing, an element linking the glass container to a liquid, the measurement nozzle (the hypodermic needle) and the container with a coal sample ( Figure 6 ) is fixed using three screws. Once it has been filled, the container with a coal sample is secured with a lid. The whole structure is fixed to the instrument by a coarse thread and sealed with a thick O ring. The element linking the nozzle with the coal sample is equipped with a network of channels that pneumatically connect the container with the sample with the measurement nozzle, and with some additional channels that connect the space inside the container, above the water surface, with the environment.
The emission of light in the direction of the nozzle occurs due to the presence of a laser module (7 mW, 2.5/4 VDC, 655 nm). Originally, the module comes with a shell made of a material that makes it possible to fit it easily into the casing of the instrument (Figure 7) . The light is detected using a phototransistor (λ pmax = 570 nm, 110 , containing a transparent lens). The phototransistor was fixed inside a sleeve made of Ertacetal H, which, in turn, made it possible to fix it inside the instrument casing. 774 Norbert Skoczylas/Adsorption Science & Technology Vol. 33 No. 9 2015 Figure 5 . The constructional elements of the instrument (from left to right: the glass container with the nozzle on a plug, the container with liquid, the casing, the casing with a plug). All of the aforementioned elements are available on the market, and their price is relatively low. In addition, it needs to be said that the processing of Ertacetal H does not pose difficulties.
THE BASIC TESTS OF THE APPARATUS
Choosing the appropriate physical composition of the apparatus does not pose difficulties. The shape of the nozzle should be such that a gas bubble is always released into a place illuminated with laser light. In the plane perpendicular to the laser, an opening was made, inside which the phototransistor was placed. Figure 8 presents some photographs of the area observed by the phototransistor. To the left, there is the measurement nozzle, captured in the moment of 'waiting' for a gas bubble. The next figure shows the gas bubble leaving the measurement nozzle. The moving bubble cuts through the laser beam. As a result, it disperses and a characteristic flash of light can be seen. If the components of the phototransistor circuit are chosen correctly, the voltage signal presented to the right will be registered.
The diameter of the nozzle should be small so that the gas bubbles remain spherical. According to the theory of the barbotage hydraulics, in a flow of individual bubbles, the diameter of a bubble can be described with the following formula:
Analyzing the Parameters of the Coal-Gas System Using a Low-Cost 775 Device Based on a Flowmeter ( 3) where d is the diameter of the gas bubbles (m); D is the diameter of the inlet nozzle (m); σ is the surface tension (N/m); γ L is the liquid density (kg/m 3 ) ; γ G is the gas density (kg/m 3 ); and g is gravity (=9.81 m/s 2 ).
The calibration of the flowmeter demonstrated that-according to the expectations-the volume of an individual gas bubble does not depend on the measured gas release. Of course, this concerns only those flows in which individual bubbles do not create a chain flow. This observation is compatible with the equation (3), according to which the size of an individual gas bubble depends on D, σ, γ L , and g G . If these parameters remain constant, the gas release should also be constant. Thus, an individual gas bubble registered by the flowmeter could be treated as a 'quantum' of the desorbed gas.
REGISTERING METHANE RELEASE FROM COAL
Two coal samples from two various coal seams were prepared. Each sample was subjected to basic tests, whose results are shown in Table 1 .
The coal material was comminuted and sieved. For research purposes, the 0.2-0.25-mm grain fraction was selected. The tests were carried out with the discussed instrument and the reference instrument. Using both devices, the following measurement cycle was completed, respectively:
• Outgassing the coal sample in the vacuum of less than 0.1 mbar for 36 hours.
• Saturating the coal sample with methane under the pressure of 10 bar for 36 hours. • Changing the pressure value to 1 bar. • Observing the release of methane, which lasts for 24 hours.
In the case of tests performed with the reference instrument, the change of the pressure value from 10 to 1 bar occurred at the speed of 300 mb/minute, which results from the technical limitations of the IGA gravimetric adsorption analyzer. In the case of the tested instrument, the outgassing and saturation of coal were performed inside the external pressure container. The measurement was initiated by a sudden reduction of pressure from the value of 10 bar to the atmospheric pressure (<1 second), which was achieved by an abrupt opening of the valve. Subsequently, the coal material was placed in the investigated adsorption instrument, which was tantamount to the beginning of the process of registering methane release. The time between the sudden reduction of pressure and the beginning of the registration process was approximately 40 seconds. The direct results of measurements performed on two samples are presented in Figure 9 .
In addition, the unipore model [equation (2)] of the process was extrapolated in relation to the measurement data, from both the tested and reference devices. The results of the extrapolation are presented in Figure 10 . It can easily be seen that the model is better matched to the measurement data generated by the tested instrument (in comparison with the reference instrument), which is confirmed by the fact that the value of the sum of the squares of matching deviations is several times lower (for the gradient method).
The described relationship probably results from the speed with which the pressure around the sample changes. One of the basic assumptions of the unipore model is that the factor initiating the Norbert Skoczylas/Adsorption Science & Technology Vol. 33 No. 9 2015 Desorption ( diffusion process has to be a sudden pressure change. The course of the process of methane release is most dynamic at its initial stage. If the change in the pressure value occurs for too long in relation to the total duration of the release, the diffusion process is disrupted in a considerable way. Figure 11 presents some unnatural points of deviation of the course of the gas-release process registered using the reference device. In the case of the tested device, the course of the release is far more natural. The described phenomenon also influences the value of the determined effective diffusion coefficient. An analysis of the obtained images leads one to the conclusion that the release of methane occurs more slowly in the case of the model device. This is confirmed by the calculated values (Table 2 ). In the case of the two analyzed samples, the value of the effective diffusion coefficient determined using the reference device was between 10% and 20% lower than the value established using the tested device. It needs to be remembered, however, that the effective coefficient of the diffusion of methane in coals characterized by various parameters can naturally change by even two orders of magnitude. Owing to the nature of the effective diffusion coefficient, the obtained discrepancies should be analyzed in a logarithmic scale (which reduces the discrepancies of 10-20% to relatively low values). The analysis of the direct measurement results highlights the fact that the final values of methane desorption registered using the reference device are higher than the values registered using the tested device. This is due to the fact that the saturated sample in the external pressure container has to be transferred to the measuring device. Thus, the initial stage of methane release (up to the 1st minute) is not registered. To correct the obtained value by introducing the factor 'lost' during the initiation of the measurement, one should make use of the information that, at the initial stage of methane release, the speed with which the process occurs is proportional to the square root of time (Pillalamarry et al. 2011) . If the temporal course of methane release at its initial stage is known, the missing section can be easily provided with the help of the following formula:
(4)
SUMMARY
This paper presented information about a measuring device that makes it possible to register the process of methane release in time and to evaluate the content of the desorbable methane (i.e. methane released as a result of the change in the pressure value, from the value of the balance methane pressure to the value of the atmospheric pressure) and determine the effective diffusion coefficient. These parameters are extremely important in the context of investigating the coal-methane system from the perspective of potential methane hazards and rock and gas outburst hazards. The basic advantages of the device are as follows:
• The low cost of construction (several hundred times lower compared with gravimetric adsorption analyzers available on the market). • The possibility of generating quasi-sudden pressure changes (as opposed to the gravimetric methods). • Unlimited possibilities of registering long-term processes of methane release. • The isobaric nature of the measurement process (as opposed to the volumetric methods).
It is the author's opinion that the presented idea of performing measurements can prove useful both in the context of scientific research and the engineering measurements conducted in mines. 
